A strain of parainfluenza virus type 3 (para 3) that had undergone a series of undiluted passages failed to produce syncytia when inoculated on to Vero cells at a high m.o.i. The strain repeatedly produced stable persistent infections. Persistently infected cells were resistant to superinfection by homologous virus, showed the presence of virus-specific antigen and shed low quantities of infectious virus into the supernatant fluid. The undiluted passage parainftuenza virus type 3 strain produced a substance that inhibited syncytium formation by homologous virus and by measles virus but appeared to have no effect on virus replication. This inhibitor had no demonstrable effect on unrelated viruses, including some that produced syncytia. It had a mol. wt. between 35o0 and I4ooo, was acid-and heat-labile, and was inactivated by anti-para 3 serum.
INTRODUCTION
In the past two decades there has been considerable interest in persistent infection of animal cells by viruses. The term 'persistent infection' has been applied to a number of biologically diverse special situations characterized by the failure of a usually cytocidal virus to destroy and prevent the propagation of susceptible cell cultures. The phenomenon has clear clinical significance, at least, in the case of subacute sclerosing panencephalitis (ter Meulen et al. I972 ) and is theoretically important in the elucidation of virus-host cell interactions.
Careful study of in vitro systems of persistent infection has demonstrated the importance of defective interfering (DI) particles (Huang & Baltimore, I97O) and ts mutants (Preble & Younger, I975) in the initiation and/or maintenance of such systems. A soluble virus product was implicated in a canine distemper virus system (ter Meulen & Martin, I976). We report here a system of persistent infection with parainfluenza virus type 3 (para 3) in which a soluble virus product, apparently somewhat different from that described by ter Meulen & Martin (I976), appears to have played a part.
METHODS

Cells. A continuous line of African green monkey cells (Vero cells) was purchased from
Flow Laboratories, Rockville, Maryland, U.S.A. These cells were grown in Eagle's minimal essential medium (MEM) supplemented with I o ~ foetal calf serum (FCS), 2 mM-glutamine, penicillin (5o units/ml), streptomycin (5o/zg/ml), gentamicin (4 o #g/ml) and amphotericin B (2"5/zg/ml). HEp-2 cells and HeLa cells were obtained from the same source and propagated in a similar fashion.
Virus. The Mills strain of para 3 was obtained from the laboratories of Dr Robert M. Chanock, National Institute of Allergy and Infectious Diseases, Bethesda, Md., U.S.A. Virus plaque assays. Plaque assays were performed on confluent cell monolayers in I6 mm diam. wells. The plaquing medium consisted of MEM containing o'75 ~ methyl cellulose. Conditions of inoculation, adsorption, incubation and staining have been previously described (Gharpure et al. I969) .
Plaque inhibition assays. Materials to be tested for inhibiting activity were mixed with equal vol. of a challenge virus. The para 3 challenge virus was generated by making passages with diluted stocks and was itself devoid of inhibiting activity. The challenge virus preparations were adjusted to contain IO 3 p.f.u./ml. Monolayers in I6 mm diam. wells were inoculated with o. I ml of these mixtures, adsorbed for 9o min and then overlaid with plaquing medium. They were incubated at 35 °C in 5 ~o CO2 for 48 h until c.p.e, were obvious in control monolayers that had been inoculated with mixtures of challenge virus and MEM, 2 ~ FCS. In other studies challenge virus alone was added and adsorbed and the materials to be tested for inhibitor activity added at various points during the virus growth cycle.
Fluorescent antibody (FA) studies. Indirect immunofluorescent studies, previously described by Hodes et al. (I975) , were employed. Briefly, virus-infected and uninfected control cells grown on coverslips in Leighton tubes were fixed with cold acetone and then treated with horse anti-para 3 serum or control pre-immune serum from the same horse. These sera contained no detectable antibodies against measles, respiratory syncytial virus, Sendai virus or SV5. After serial washing with Dulbecco's phosphate-buffered saline solution (PBS) and distilled water, the cells were stained with fluorescein-conjugated rabbit anti-horse gamma globulin, washed and counterstained with Evans blue. The cultures were examined with a Zeiss fluorescent microscope using a BG ~2 exciter filter and an orange barrier filter.
Electron microscopic studies. Cell monolayers were washed with PBS, fixed in I Yo glutaraldehyde for 2 h at 4 °C, washed with Sorenson's buffer, pelleted at low speed and re-suspended. The cells were then treated with OsO4 for I h, washed, embedded in agar and stained for I5 min with uranyl acetate. They were subsequently dehydrated in propylene oxide, embedded in EPON and examined with a Siemens electron microscope.
Assays for ts mutants. Assays for virus with ts growth patterns were carried out according to established methods (Gharpure et al. I969) .
Ultracentrifugation. Materials to be cleared of virus particulate matter were centrifuged for 2 h at tooooog in a Beckman Model L ultracentrifuge.
Materials. MEM, antibiotics, antisera, fluorescein conjugates, PBS, trypsin-versene solution and plastic tissue culture ware were obtained from Flow Laboratories. FCS was from Gibco, Grand Island, New York. Methyl cellulose was purchased from Matheson, Coleman & Bell, Norwood, Ohio, U.S.A. Dialysis tubing with defined pore sizes was from Spectrum Medical Industries, Los Angeles, Calif., U.S.A.
RESULTS
Establishment of a line of cells persistently infected with para 3
In the course of routine titration of stocks of para 3 virus that had been generated in HEp-2 cells by undiluted passage, it was found that no typical syncytial plaques were Persistent infection by parainfluenza virus 5 I7 MEM, I o~ FCS was employed in all subsequent passages. Passages were made whenever the cells reached confluency and samples of the supernatant were taken for infectious virus assay. Lines of cells persistently infected with para 3 were established on each of four different attempts. The most extensively studied persistently infected cell line has undergone 37 passages over a period of six months. Uninfected Veto cells were passaged in parallel to provide necessary controls.
Characteristics of persistently infected cells
Cells persistently infected with para 3 were, in general, slightly larger than uninfected Vero cells and about 2 o~ of them developed eosinophilic cytoplasmic inclusion bodies. Isolated multinucleated giant cells and small syncytia appeared but the latter were never extensive and did not destroy the cultures ( Fig. I and a) . Growth of the persistently infected cells initially appeared to be slightly slower than that of uninfected Vero cells, but the growth rate varied unpredictably from passage to passage. Similar variations in the growth rate of uninfected Vero cells were observed.
Throughout the period of observation virtually Ioo ~ of the cells remained positive for para 3 antigens as determined by FA. Infectious virus continued to be shed into the supernatant fluid. Initially nearly io ~ p.f.u./ml was detectable, but after several passages the level of shedding declined to io 3 to Io 5 p.f.u./ml where it subsequently stabilized (Table I ). The autoinhibition phenomenon was noted in the titrations of supernatants of the first two passages, but it disappeared thereafter.
Studies of a limited number of the persistently infected cells with the electron microscope revealed occasional virus particles budding from the plasma membrane. These particles appeared to be no different from normal paramyxoviruses and structures suggestive of DI particles were not seen.
Attempts were made to superinfect the persistently infected cells with a number of different viruses. The cells were grown to confluent monolayers in 16 mm wells and titrations of para 3 stocks that lacked autoinhibition were carried out. Titrations of measles, HSV I, HSV 2, polio and VSV were also performed in the persistently infected cells. Plaque formation by para 3 and measles was completely suppressed in the persistently infected cells. There was also a IO-to Ioo-fold depression of the efficiency of plaquing (e.o.p.) in the case of both types of HSV. The e.o.p, of polio and VSV was unaffected (Table 2 ). 
Attempts to demonstrate the presence of ts mutants
Because of the importance of ts mutants in other virus persistent infections (Preble & Youngner, i975) , we sought ts mutants in the undiluted passage para 3 that initiated our persistent infection and in the virus progeny being shed into the supernatant during the course of the infection. Vero cells were infected at an m.o.i, of o.oi either with undiluted passage para 3 or with the para 3 being shed into the supernatant at the 6th passage~ 2 months after the initiation of the persistent infection. The cultures were incubated at 32~ 37 and 39 °C according to published techniques (Gharpure et al. I969) and subsequently harvested by two cycles of freezing and thawing. The material was then clarified and virus yields quantified by plaque assay at 32 °C. Neither the undiluted passage para 3 virus nor the virus being shed into the supernatant during the course of persistent infection gave any evidence of being ts, as yields at all three temperatures were identical. 4"3 < t.o Measles 4"3 2"9 HSV i 7q 7"2 VSV 5"6 5"9 Polio 7"9 8.z * Serial dilutions of the viruses were made in PBS and these dilutions then mixed with equal vol. of the supernatant fluid of undiluted passage para 3 stocks cleared of cellular debris by low speed centrifugation. The mixtures were then inoculated on to I6 mm diam. wells containing confluent monolayers of Vero cells end plaquing efficiency determined as described in Table 2 . t Dilute passage para 3 which did not show autoinhibition.
Biological properties of the syncytium inhibitor
Since it seemed apparent that the initiation of persistent infection by undiluted passage para 3 depended on inhibition of virus-specific c.p.e., we next attempted to characterize the inhibitor in this preparation.
The capacity of supernatants of the undiluted passage para 3 to inhibit c.p.e, caused by other viruses was first investigated. Serial dilutions of several different viruses were inoculated on to wells along with equal vol. of undiluted supernatant. The e.o.p, was compared with control titrations in which MEM, 2 ~ FCS was used in place of the supernatant. The results are presented in Table 3 . The supernatant of undiluted passage para 3 completely inhibited syncytial plaque formation by para 3. There was a Io-fold inhibition of plaque formation by measles virus. The e.o.p, of HSV I (including syncytium-forming mutants), polio and VSV was unaffected.
Subsequent studies were designed to determine whether the syncytium inhibitor suppressed virus replication or merely syncytium formation. Tubes of Veto cells were inoculated with para 3 at an m.o.i, of o-oI in the presence of either undiluted passage para 3 supernatant or MEM, 2 ~ FCS. The monolayers were washed twice with PBS after adsorption to remove the inoculum, then incubated for 48 h at 35 °C. At the end of this time, the tubes adsorbed in the absence of supernatant showed extensive syncytial c.p.e, whereas those adsorbed in the presence of supernatant showed no c.p.e. Cell-associated virus was then harvested by washing the monolayers three times with PBS, adding MEM, 2 ~ FCS, releasing the virus by three cycles of freezing and thawing, and clarifying the resulting suspensions. Virus yield was then determined by plaque assay. Despite the vast differences in the c.p.e, produced in supernatant-treated and control cultures, their yields of infectious cell-associated virus after 48 h of incubation were identical (3'2 × Io 6 p.f.u./ml and 4"7 × Io6 p.f.u./ml, respectively).
We then sought to determine the point of action of the inhibitor in the virus growth cycle. One set of cell cultures was pre-treated with undiluted passage para 3 supernatant for I h at 35 °C. The monolayers were then washed three times with PBS and challenged with para 3. A second set was exposed to supernatant during the para 3 adsorption period as before. In other sets, the cells were adsorbed with para 3 in the absence of supernatant and initially overlaid with MEM, 2~ FCS and incubated at 35 °C. The original medium was removed and replaced with undiluted passage para 3 supernatant at either I, 2, 3, 4, 6 or 16 h after the end of the adsorption period. At the end of 48 h of incubation, the development of syncytial c.p.e, in all sets of tubes was compared. Syncytium development was completely inhibited in the pre-treated cultures, those treated during adsorption and those in which the
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MEM, 2 ~oo FCS was replaced with undiluted passage para 3 supernatant at I, 2, 3 and 4 h after adsorption. Cultures exposed to the supernatant 6 and I2 h after adsorption developed syncytia no differently from untreated control cultures of para 3. Although we had evidence that the syncytium inhibitor was responsible for the initiation of persistent infection, data as to its role in the maintenance of persistent infection were lacking. Supernatant fluids from the persistently infected cells were taken at various passage levels and tested for their capacity to inhibit syncytium formation by para 3. Using our biological assay, we could not detect inhibitor activity beyond the second passage.
Studies on the nature of the syncytium inhibitor
Extrapolation from the results of other workers suggested a role for D! particles in the observed inhibition of c.p.e, and initiation of persistent infection. We attempted to pellet such particles by subjecting the undiluted passage para 3 supernatant to ultracentrifugation at IOOOOO g for 2 h. Monolayers were then co-infected with varying dilutions of para 3 and either uncentrifuged undiluted passage para 3 supernatant or the supernatant cleared of sedimentable particles by ultracentrifugation. Both these supernatants were equally efficient in inhibiting syncytium formation by para 3.
To rule out the possibility that classical interferon was involved, undiluted passage para 3 supernatant was brought to pH 2.o according to standard methods (Valle et al. I975) . This procedure completely inactivated the syncytium inhibitor. The inhibitor was also completely inactivated by heating to 56 °C for I h. The inhibitor was retained by dialysis membranes with pore size designed to retain 35oo mol. wt. globular proteins but was not retained by dialysis membranes with mol. wt. cut-offs of I2OOO to I4000.
To determine whether the inhibitor was a virus product (ter Meulen & Martin, 1976) , undiluted passage para 3 supernatants were treated for I h at 37 °C with horse anti-para 3 serum. Control supernatants were treated with pre-immune serum from the same horse. These sera lacked detectable antibody against measles, respiratory syncytial virus, Sendal virus and SV5. After treatment, the capacity of antibody-treated and control preparations to inhibit syncytium formation by para 3 was tested. In these tests monolayers were pretreated for I h with supernatant preparations as described above, washed three times with PBS, then challenged with para 3. It was reasoned that if the inhibitor were bound by anti-para 3 antibody it could not be taken up into the cells and would be removed by the washing procedure, thus removing its protective effect. Undiluted passage para 3 supernatants treated with pre-immune serum completely inhibited syncytium formation by para 3-Supernatants treated with anti-para 3 serum had no inhibitory effect whatever.
DISCUSSION
After serial undiluted passages, the Mills strain of para 3 did not produce syncytial c.p.e, in Vero cells at high m.o.i. (autoinhibition phenomenon). By infecting cells in this fashion stable persistently infected lines were readily produced.
Several other workers have established persistent infection with para 3-The line of Cole & Hetrick (I965) seems quite similar to our lines except that in their system m.o.i. (as far as it was tested) did not seem a crucial variable and persistent infection was established only in the presence of growth medium, whereas in our system persistent infection was established in the presence of a standard maintenance medium with low serum content. The system of Chany 096 0 resembles ours in that persistent infection was only established at higher m.o.i, but differs in the finding of an interferon-like substance (see below). The system of Daniel & Chany 0962) may be very similar to ours but differences of approach preclude clear comparison.
Much previous research on the initiation and maintenance of virus persistent infection has focused on the role of DI particles and/or ts mutants (Joklik, I977) . Our preliminary work has failed to implicate either in our system. Limited electron microscopic studies did not reveal any structures suggestive of DI particles. Biochemical experiments aimed at demonstrating the presence of subgenomic fragments of the para 3 RNA are underway. The presence of ts mutants was sought both in the undiluted passage para 3 preparations used to initiate the persistent infection and in the para 3 virus being shed into the supernatant during the course of the infection. No such mutants were found. Cloning techniques (Youngner et al. I976) were not employed, however, and it is possible that some ts mutants were overlooked. We attribute the initiation of persistent infection in our system to a non-particulate, acid and heat labile moiety with a mol. wt. in the range of 35oo to 14o0o as estimated from dialysis experiments. This substance promotes the development of persistent infection by inhibiting syncytium formation by para 3 and thereby protecting monolayers from destruction.
The characteristics of this syncytium inhibitor may be summarized briefly. The inhibitor prevents syncytial c.p.e, formation specifically and does not prevent virus replication. This is similar to the peptide SV4814 (Norrby, 1971 ; Graves et al. 1978) . The inhibitor is effective only if it is present early in the virus growth cycle. The inhibitor enters the cell and/or is firmly bound to a receptor site. This is apparent because repeated washing of pre-treated cells failed to abolish the syncytium inhibiting action.
The inhibitor is effective only in preventing syncytium formation by homologous virus and, to a certain degree, by the closely related measles virus. Viruses causing non-syncytial c.p.e. (polio, VSV, HSV) were unaffected. Further, there was no inhibition of syncytia caused by a syncytium-forming mutant of HSV I. If it is postulated that the inhibitor acts by blocking the site of action of syncytium-forming viruses, then these data indicate that the sites of unrelated syncytium-forming viruses are distinct from one another.
The inhibitor is a virus product. The inhibitor was inactivated by anti-para 3 serum. A number of lines of evidence argue against the syncytium inhibitor being an interferon. It did not inhibit virus replication. It had effect only on homologous or closely related virus and was ineffective against VSV, an agent highly sensitive to interferon. Inhibitor produced in HEp-2 cells was effective in Vero cells and vice-versa (data not shown). It was acid labile and was inactivated by virus-specific antibody.
The inhibitor could be implicated only in the initiation of persistent infection. After two passages, autoinhibition was not detected in the supernatants of the persistently infected cells and the inhibitor was not detected in plaque inhibition assays. In this our findings contrast with those of ter Meulen & Martin (I976) who found that a soluble inhibitory agent was continually detectable in the supernatants of their cells persistently infected with canine distemper virus. It is possible that our biological assay failed to detect the presence of low concentrations of the inhibitor in the persistently infected cells. Low production of inhibitor in the later passages might have been related to the low concentrations of virus being produced. The peptides present in the persistently infected cells and in their supernatant fluids are currently being studied by biochemical and biophysical methods. Pending the results of these studies, and the further investigation into the presence of DI particles and ts mutants in our para 3 persistently infected cells, the explanation of the maintenance of persistent infection in these cells remains unclarified.
Our syncytium inhibitor seems somewhat different from that described by ter Meulen & Martin (I976) in their cells persistently infected with canine distemper virus. Their inhibitor prevented the appearance of all virus antigens detectable by FA, whereas ours did not. In the studies of ter Meulen & Martin (I976) quantitative assays of infectious virus (as opposed to virus antigen and c.p.e, production) were not specifically performed when the persistently infected cell supernatants were tested for their capacity to inhibit virus functions. However, it would appear from their FA studies and from their studies of the effects of medium changes on the yields of the supernatants that their inhibitor had actually suppressed the replication of the virus. Thus their inhibitor may have different properties from ours despite the fact that both agents are of low mol. wt. and are inactivated by virus-specific antibody.
Currently we are attempting to relate our inhibitor to para 3 polypeptides.
